Polymerase chain reaction/electrospray ionization-mass spectrometry (PCR/ESI-MS, previously known as "TIGER") utilizes PCR with broadrange primers to amplify products from a wide array of organisms within a taxonomic group, followed by analysis of PCR amplicons using mass spectrometry. Computer analysis of precise masses allows for calculations of base compositions for the broad-range PCR products, which can then be compared to a database for identification. PCR/ESI-MS has the benefits of PCR in sensitivity and high-throughput capacity, but also has the distinct advantage of being able to detect and identify organisms with no prior characterization or sequence data. Existing broad range PCR primers, designed with an emphasis on human pathogens, were tested for their ability to amplify DNA of well characterized phytobacterial strains, as well as to populate the existing PCR/ESI-MS bacterial database with base counts. In a blinded panel study, PCR/ESI-MS successfully identified 93% of unknown bacterial DNAs to the genus level and 73% to the species/subspecies level. Additionally, PCR/ESI-MS was capable of detecting and identifying multiple bacteria within the same sample. The sensitivity of PCR/ESI-MS was consistent with other PCR based assays, and the specificity varied depending on the bacterial species. Preliminary tests with real life samples demonstrate a high potential for using PCR/ ESI-MS systems for agricultural diagnostic applications.
Plant diseases caused by pathogenic bacteria are particularly devastating because there are no effective postinfection treatments. The long period between introduction of a pathogen and discovery of the resulting disease (from days to years) makes successful eradication or containment of disease very difficult. For example, citrus canker, caused by the bacterium Xanthomonas citri subsp. citri, was most likely introduced into Florida several years before it was discovered there (18) . Moreover, a new disease caused by an emerging, never-before seen pathogen may be initially misdiagnosed, further delaying an appropriate response. Pierce's disease of grape, caused by the fastidious bacterium X. fastidiosa, was thought to be caused by a virus for over 20 years (4) .
Bacterial plant pathogens are currently identified primarily by phenotypic and immunological methods (5, 19) . Phenotypic methods, including gram-stain, colony morphology, growth on selective media, and various biochemical reactions, are time consuming and require some experience as well as culturable organisms. Several immunological methods are available for more rapid presumptive identification (5, 19) , including enzyme-linked immunosorbent assays (ELISA), immuno-fluorescence colony staining (25) , and immuno-strip tests (5) . All of these assays require characterization of the pathogen to the point that pathogen specific reagents are available. There are currently no known immunoassays that are capable of simultaneously detecting and identifying mixtures of multiple types of bacteria, including unknown organisms. Plant pathogens also have been detected and identified by numerous nucleic acid-based techniques, including Southern blot hybridization and direct nucleotide sequencing. The polymerase chain reaction (PCR) and, more recently real-time PCR, have revolutionized the field of molecular diagnostics. Many PCR based assays have been developed for bacterial plant pathogens (6,12,13,16,18, reviewed in 19) . PCR-based diagnostics can be highly specific and are much more sensitive than immunoassays or other nucleic acid-based techniques. However, most PCR assays are designed to detect only a single specific pathogen, and most PCR assays require prior knowledge of at least a portion of the pathogen's genetic sequence, limiting their ability to detect unknown and uncharacterized emerging pathogens. Sequencing based techniques using broad range primers do have the ability to detect multiple pathogens (2), but require significant amounts of labor.
DNA microarray technology represents advancement in molecular diagnostics over PCR-based assays, being able to simultaneously detect numerous pathogens in a single assay. DNA arrays have proven successful in the detection of some pathogens (primarily viruses) important in human health and medicine (11, 23, 24) , and some plant pathogens (1) . However, only a few preliminary studies have been published on the use of DNA arraybased technologies for the detection of plant-pathogenic bacteria. Despite the benefits of DNA array-based assays, they, like many other nucleic acid-based systems, have the disadvantage of requiring a prior knowledge of at least part of the specific pathogens' genomic sequence. An alternative approach takes advantage of mass spectrometry to determine sequence (8, 9) . However, like sequencing, these methods are limited in their ability to deal with mixed samples, require specific primers, and are limited in the size of DNA products that can be analyzed. It would be highly beneficial to have diagnostic and surveillance systems that rapidly detect and identify any and all pathogens in a particular sample without prior knowledge of the specific organisms.
The T-5000 biosensor (previously referred to as "TIGER") is designed to rapidly detect and identify emerging pathogens and biothreat agents without prior knowledge of the pathogen's nucleic acid sequence (7). The T-5000 uses broad-range PCR primers that target conserved regions of bacterial genomes, such as ribosomal sequences and conserved elements from essential protein-coding genes (i.e., housekeeping genes). The use of such broad-range priming targets across the widest possible grouping of organisms enables amplification of most species within a group. The strategic breakthrough with the T-5000 biosensor is the use of electrospray ionization-mass spectrometry to analyze the products of broad-range PCR (PCR/ESI-MS). The high mass accuracy and resolution of the PCR/ESI-MS system allows for the precise determination of the molecular mass of the PCR products (10, 15) . These high precision mass measurements are used to unambiguously derive base compositions (xAxGxCxT) of the PCR products, which then are compared to a database for the identification of the organism. This provides less information than sequencing (exact order of bases is not determined), but allows for a multilocus identification with significantly less time and effort. This paper describes the first application of this technology to plant pathogens, specifically bacterial plant pathogens.
MATERIALS AND METHODS
Bacterial strains and DNA preparation. Ninety-three characterized phytobacterial strains, representing both Gram-negative and Gram-positive species, were analyzed using PCR/ESI-MS (Table 1) . Their base compositions were added to the existing PCR/ESI-MS database, which contained over 62,000 bacterial species. No uncharacterized strains were used in the database population, however some plant bacteria were included in the database based only on sequences harvested from GENBANK. All strains were characterized by one or more of the following methods: DNA-DNA similarity, internal transcribed region (ITS) and/or 16S rDNA gene sequence analysis, amplified fragment length polymorphism (AFLP), restriction fragment length polymorphism (RFLP), biochemical characterization, and pathogenicity. Nucleic acid extractions were performed by the Marmur method as described by Schaad et al. (20) . DNA concentrations were assessed by spectrophotometry (Perkin Elmer, San Jose, CA) and adjusted to a final concentration of 10 ng/µl.
Broad-range PCR. The outline of PCR/ES-MSI process is briefly demonstrated by Figure 1 . All PCR reactions were performed in a 50-µl reaction volume using 96-well microtiter plates. The reaction plates utilized 16 sets of broad-range primers (Table  2 ) designed for general bacterial surveillance (7) . The primer sets are contained in separate wells rather than a multiplex format. Bacterial DNA templates were amplified with each of the 16 primer sets in duplicate plates, with six samples (five samples plus one negative control) to be run per plate. PCR plates were set up using the BioRobot 8000 (Qiagen, Valencia, CA). An ALPS 300 automated plate sealer (ABgene, Epsom, UK) was utilized to seal all PCR plates to avoid contamination and evaporation. PCR was carried out using an Eppendorf Mastercycler ep Thermocycler (Hamburg, Germany). The PCR reaction buffer consisted of 2.5 units of FastStart Taq (Roche, Indianapolis, IN), 1× buffer II, 2.0 mM MgCl 2 , 0.4 M betaine, 800 µM dNTP mix, and 250 nM propyne containing PCR primers. Prior to PCR each sample was diluted 1:100 with genome dilution buffer (Ibis Biosciences, Carlsbad, CA) to a final concentration of 100 pg/µl. All PCR reaction wells were loaded with 5 µl of DNA, resulting in a concentration of 500 pg of DNA per well. Each PCR plate contained one negative control consisting of genome dilution buffer (Ibis Biosciences). The following PCR cycling conditions were used: 95°C for 10 min followed by 8 cycles of 95°C for 30 s, 48°C for 30 s, and 72°C for 30 s followed by 37 cycles of 95°C for 15 s, 56°C for 20 s, and 72°C for 20 s.
Mass spectrometry and base composition analysis. After PCR, an aliquot of each reaction was desalted and purified using an anion-exchange resin protocol (10) . The PCR product was transferred to a second 96-well plate containing magnetic beads with an anion-exchange matrix. The negatively charged nucleic acids were retained by an anion-exchange matrix as a series of wash steps were done to remove salts and excess reaction reagents from the well (7). After clean-up, the purified PCR products were eluted from the stationary phase using a methanolcontaining buffer (Ibis Biosciences). The purified amplicons were subsequently transferred to a clean 96-well plate to ensure that no beads were withdrawn into the syringe or spray tip.
A Bruker Daltonics microToF (Billerica, MA) mass spectrometer (MS) was used for analyzing the purified DNA. Samples from each reaction well were individually sprayed into the MS using a LEAP autosampler (Carrboro, NC). Internal mass standards and plasmid calibrants were utilized to obtain high mass accuracy of approximately 5 to 10 ppm and provide accurate quantification, respectively. Once the raw spectra were collected, proprietary signal-processing software was used to interpret the mass/charge (m/z) data from the MS and determine the amplicons' molecular mass. Due to the microToF's high mass accuracy (mass measurement error <1 ppm) (15) the amplicon's mass can be very accurately determined and assigned a confident base composition (xA, xT, xC, and xG). Because the bacterial surveillance assay uses 16 primers, there are multiple base counts assigned for each sample from various parts of the genome. When the multiprimer data is combined as a whole, the software can triangulate down to only a few, often one, probable match for pure samples. The base composition of unknown samples is compared to base compositions of other bacteria in a database, allowing for final identification.
Blinded panel. Following the addition of the characterized phytobacteria base composition data to the existing PCR/ESI-MS database, a blinded panel was prepared to evaluate the system's ability to identify these bacteria. Three types of samples were used: single bacterial strains, mixtures of multiple strains, and DNA extracted from infected plant tissue. Citrus seedlings (sweet orange) were inoculated with X. citri subsp. citri (also known as X. axonopodis pv. citri). Cabbage plants were inoculated with X. campestris pv. campestris. Tissue also was taken from an oak tree (Fort Detrick, MD), which was previously confirmed to be infected with Xylella fastidiosa by PCR. DNA was extracted from infected tissue using a Qiagen Plant DNeasy extraction kit (Qiagen Inc., Valencia, CA) according to the manufacturer's protocols. DNA was diluted and analyzed as previously described. All phytobacteria DNA samples were prepared at the USDA facility, Fort Detrick, MD, and submitted as a blinded panel for analysis at U.S. Army Medical Research Institute for Infectious Disease, Fort Detrick, MD. Following PCR/ESI-MS analysis the PCR/ESI-MS calls were compared to the known ID for system accuracy at the genus, species, and subspecies levels.
Limits of detection and limits of specificity. The limits of detection for PCR/ESI-MS were tested using serial dilutions of Pseudomonas syringae pv. syringae, Acidovorax facilis, Ralstonia solanacearum, Rhodococcus fascians, and Xylella fastidiosa. Serial dilutions of purified DNA were made with a final concentration ranging from 0.05 to 50 ng per reaction. Each sample was diluted 1:100 with genome dilution buffer and analyzed by PCR/ ESI-MS. To confirm reproducibility, samples were run in duplicate. The ability of PCR/ESI-MS to distinguish closely related strains of the same species testing was done using eight strains of R. solanacearum, which had been characterized by sequencing of the ITS region and 16S rDNA gene, along with RFLP analysis, biochemical tests, and pathogenicity tests (21) .
RESULTS
Ninety-three bacterial strains, representing both Gram-negative and Gram-positive phytobacteria, were selected for addition to the existing PCR/ESI-MS bacterial database. In total, 19 genera of bacteria were included: Acidovorax (seven strains), Agrobacterium (two), Arthrobacter (one), Burkholderia (two), Clavibacter (four), Comamonas (one), Curtobacterium (four), Delftia (one), Erwinia (five), Herbaspirillum (one), Leifsonia (one), Pantoea (one), Pseudomonas (four), Ralstonia (11), Rathayibacter (four), Rhodococcus (one), Xanthomonas (48), Xylella (eight), and Xylophilus (two). Several species from each genus, if available, were analyzed, including many important phytopathogenic bacteria.
The broad-based prokaryote-specific primers used for PCR/ ESI-MS analysis were designed primarily for human pathogens. Therefore, it was necessary to determine the efficiency of these primers on phytobacteria. Seven of the primer pairs successfully amplified all, or most of the plant bacterial strains tested. These included primer sets for the 16S rDNA (346, 347, 348, and 361), 23S rDNA (349 and 360) and a primer set for the rpoB gene (362) ( results, which were most likely due to a nonspecific amplification. Initial analysis of the database suggested that the working primer sets would be sufficient for identification of plant bacteria to at least the genus level, so a blinded panel was prepared to test the diagnostic capability of PCR/ESI-MS for phytobacteria. Blinded panel. Sixty-four bacterial DNAs were prepared for a blinded panel. Fifty-six samples contained individual bacterium, eight samples contained mixtures of multiple bacterial strains. In addition, DNA from a healthy oak tree and a no-template sample were included as negative controls. The data from the blinded panel was processed and identifications assigned to each sample. Fifty-two of the single isolates were identified correctly to the genus level (93%). Forty-one of the single isolates were correctly identified to the species and/or subspecies level (73%). Four of the single isolates were incorrectly identified (Table 3) .
Eight samples in the blinded panel contained multiple bacterial species. Seven of these mixtures contained three strains, and one contained five strains. The identity of the mixture samples and the number of organisms per sample were unknown to the researcher performing the analysis. In all of the mixtures PCR/ESI-MS was able to correctly identify most of the strains to the genus level (22 of 26 in total), and in many cases PCR/ESI-MS was able to correctly identify strains at the species/subspecies level (mixture H, Table 4 , Fig. 2) . In mixtures B, C, F, G, and H, all strains were identified to at least the genus level. In mixtures A and E two out of three strains were recognized by the system. In other mixtures one bacterial strain seemed to dominate (i.e., mixture D). The most difficult mixture was a combination of five closely related X. fastidiosa strains (mixture G), which was correctly identified as multiple X. fastidiosa strains. PCR/ESI-MS was able to correctly identify the sources of four out of the five strains as typical of those isolated from citrus, grape, almond, and oleander, but was unable to distinguish the fifth strain from maple (data not shown). Infected plant samples. In addition to DNA extracted from pure bacterial cultures, DNA was extracted from several plants that were artificially and naturally infected with phytobacteria for PCR/ESI-MS analysis. PCR/ESI-MS was able to detect and correctly identify infections of X. fastidiosa in oak and X. citri from infected citrus (Table 5) . Mock-inoculated and healthy citrus plants were recognized as negative by PCR/ESI-MS. Internal calibrants were successfully amplified by the reaction, confirming that PCR conditions were adequate. The host plant DNA was amplified in healthy plant samples, indicating that the broad range primers will amplify plant mitochondrial or chloroplast genomes. However, the base composition analysis was able to clearly distinguish the bacterial pathogens from the healthy background signal, allowing for identification of the organism.
Limits of detection and limits of specificity. Five different strains were tested in four serial dilutions to test the limits of sensitivity for the PCR/ESI-MS system. Three strains (P. syringae, R. solanacearum, and R. fascians) were detected at a concentration of 5 pg/reaction. Strains of A. facilis and X. fastidiosa had a lower detection limit of 0.5 pg/reaction. The amount of DNA per cell varies with respect to the growth conditions (14) , and has been determined for several bacterial species (14, 22 ). An average DNA content per cell in pure bacterial culture is about 12 fg, which indicates that PCR/ESI-MS consistently detects samples containing the equivalent of 400 cells (5 pg DNA/well) and in some cases 42 cells (0.5 pg/well) ( Table 6) .
Using the broad range primer sets described previously, PCR/ESI-MS was also able to distinguish multiple strain variants of R. solanacearum used to determine the system's specificity. Table 7 shows the base counts resulting from analysis of nine R. solanacearum strains. PCR/ESI-MS was able to differentiate all but two of the nine strains used in this study. This demonstrates the system's ability to parse closely related organisms based on the multiprimer data produced by this assay. However, the PCR/ ESI-MS primer panel used in this study was less able to distinguish subspecies of genus Xanthomonas and pathovars of P. syringae (Table 3) .
DISCUSSION
The necessity of early and accurate detection of plant pathogens cannot be overemphasized. There is clearly a need for diagnostic assays that are capable of detecting a broad range of pathogens simultaneously and accurately, with the capability of highthroughput processing. In addition, it would be useful that such an assay be able to detect and identify unknown organisms, even if no preexisting sequence data or diagnostic primers are available. PCR/ESI-MS represents a novel approach that has been successful in addressing these concerns for a number of human pathogens (3, 17) . For example, Sampath et al. (17) used PCR/ESI-MS to analyze several isolates of coronaviruses, many of which did not have a genome sequence record in GenBank. Nevertheless, they were able to amplify all test viruses and experimentally determine their base compositions. This highlights the usefulness of this method even with samples for which genome sequence is not known.
Our study represents the first detailed use of the PCR/ESI-MS system in the agricultural arena. It is important to note that the primer panel used in this study was developed with human pathogenic bacteria in mind, and some of the initial broad-range primer sets would not necessarily be expected to amplify and/or distinguish phytobacteria. PCR/ESI-MS testing determined that nine of the sixteen broad-range primers were either ineffective or inconclusive for amplification of phytobacteria. However, using the other seven primer sets, which consistently produced amplicons from all phytobacteria tested, PCR/ESI-MS correctly identified 93% of phytobacterial samples in a blinded panel to the genus level, and 73% at the species or subspecies level ( Table 3 ). The limits of detection for PCR/ESI-MS was within the range of conventional PCR based assays (Table 5 ). This represents a significant advance in broad-range detection of phytobacteria.
There are two key elements to the power of PCR/ESI-MS. First, is the ability to amplify and identify a bacterial organism in a sample. Second, PCR/ESI-MS has the ability to detect and identify multiple bacteria in the same sample. In the blinded panel, PCR/ESI-MS demonstrated the ability to diagnose multiple species in mixtures of phytobacteria. When the bacterial samples in the mixture were not closely related, PCR/ESI-MS could cleanly distinguish all isolates (e.g., mixtures B, C, and H, Table  4 ). The ability of PCR/ESI-MS to distinguish multiple bacteria in a single sample is based on the system's ability to identify the component bacteria individually (as in mixtures D and E), as well as the relatedness of the component mixtures. Mixture G was a combination of five closely related Xylella fastidiosa isolates. PCR/ESI-MS made a call of multiple X. fastidiosa strains, but a closer examination of the results demonstrated that PCR/ESI-MS had successfully distinguished four of the five subspecies in the sample (data not shown). Perhaps most intriguing are the results from infected plant tissues. Infected plants represent more complex systems, including not only the high likelihood of endophytic bacteria, but also the possibility of amplified products generated from mitochondrial and chloroplast genomes. Despite the added complexity of these samples PCR/ESI-MS was able to correctly identify bacterial pathogens in infected citrus, cabbage, and oak tissues.
A key facet of the PCR/ESI-MS system is triangulation, the use of multiple broad-range primer sets to generate base count data No call" designates a sample in which PCR/ESI-MS did not identify a bacterial species but PCR products were amplified from some primer sets; "blank" designates samples in which no product was amplified. from multiple loci. The broad-range primer set was designed with human pathogens as the primary target, and not all of the primers would necessarily be expected to consistently prime phytobacteria. For example, four of the primer sets amplify bacilli and related bacteria; as such they are not useful for phytobacteria (Table 2) . Seven of the primer sets worked consistently for phytobacteria. Despite this limitation, the assay was very successful at identifying phytobacteria to the genus level, but in some cases lacked the level of specificity to make species or subspecies calls correctly. PCR/ESI-MS was able to clearly distinguish several strains of R. solanacearum when nine primer sets were taken into consideration. This suggests that the development of a few phytobacterial broad-range primer sets should enhance the abilities and uses of PCR/ESI-MS for phytobacterial identification.
A closer look at individual samples suggests that the existing broad-range primer sets may be biased toward Enterobacteriaceae, a family that includes human pathogens from genera Escherichia, Salmonella, Yersinia, and Serratia, as well as plant pathogens: Erwinia, Pantoea, and Pectobacterium. In blinded panel analysis PCR/ESI-MS sometimes identified phytobacteria as related Enterobacteriaceae, for example the Erwinia carotovora sp. carotovora that was incorrectly identified as Serratia marcescens. This is probably due to a combination of factors, including the nature of the broad-range primers as well as the emphasis on human pathogens in the PCR/ESI-MS database. No call designates a sample in which polymerase chain reaction/electrospray ionization-mass spectrometry (PCR/ESI-MS) was unable to identify a bacterial species but PCR products were amplified from some primer sets. c In most cases, the presence of infecting bacteria was checked using pathogen-specific real-time PCR assays. Differences between the present taxonomic name and the nomenclature of the PCR/ESI-MS databases entries cause issues. For example, Erwinia carotovora subsp. atroseptica was called simply Erwinia carotovora, but closer examination determined that the strain designation had been truncated in the PCR/ESI-MS database, and the system had actually correctly identified the sample (strain ID was one of Erwinia carotovora subsp. atroseptica).
Clearly, as with all databases, the quality and size of the database will directly affect the success of the assay. As more phytobacterial samples are analyzed the PCR/ESI-MS database will improve for phytobacteria identification. In addition, development of additional broad range primers that focus on plant bacteria will improve the system for use in agriculture. An additional benefit of this system is the ability to reprocess older data as the database is updated. Essentially, this system provides multiple ways to revisit data and make identifications, whether error existed as a result of the database, processing, or uncovering a variable strain that has not been seen before.
Our results indicate that PCR/ESI-MS has the capability to consistently detect and identify phytobacteria to at least the genus level. The ability to identify any unknown phytobacteria to the genus level is a significant breakthrough. In addition, PCR/ESI-MS is capable of identifying roughly 70% of tested bacteria to the species level. This level of identification would have previously required multiple PCR tests, ELISA assays, or significant characterization. PCR/ESI-MS can analyze three 96-well plates (18 samples) within a typical 8-h work day, giving multilocus diagnostic information that would take much longer using conventional sequencing. The results provide genus/species ID without needing additional analysis (e.g., sequence assembly and/or BLAST). The initial investment for the PCR/ESI-MS instrument is significant, but once in place the cost of diagnosis is no more than the cost of PCR reagents plus some additional proprietary items (Ibis Biosciences Inc.). As with most new technologies, the cost of the instrumentation is coming down as the technology improves. The database is available with purchase of the instrument from the manufacturer. Furthermore, a high rate of successful identification at the species/subspecies and/or strain level suggests that PCR/ESI-MS has the capacity to meet any requirements for specificity. Augmenting existing primer sets with primer sets aimed at phytobacteria should result in even more accurate identification by PCR/ESI-MS. PCR/ESI-MS has multiple pathogen detection capacity for the cost of several PCR reactions. PCR/ESI-MS also has the theoretical capacity to assist in preliminary classification of unknown bacteria as well, as base counts for unknowns can be used to determine closest relatives in the database, much as unknown sequences can be compared to known sequences in existing sequence databases. PCR/ESI-MS has clear applications in the fields of plant pathogen detection, ecology, and taxonomy.
